Introduction
Post-embryonic mammary gland development to achieve lactational competence proceeds through distinct developmental stages: branching morphogenesis when epitheliumlined ducts invade the mammary fat pat during puberty, development of lobular alveoli during pregnancy, differentiation of epithelial cells to enable milk secretion, and involution following weaning to restore the gland to the pre-pregnant state [1] . These steps are regulated by hormones, growth factors and proteinases expressed in a precise temporal pattern [2] .
Lactational competence requires plasminogen [3, 4] . Plasminogen is activated to plasmin by locally secreted uPA or tPA. Plasmin is the major enzyme responsible for fibrin degradation [5, 6] . In addition, because plasmin is a broad-spectrum serine protease, plasmin degrades other components of the extracellular matrix (ECM), including laminin and fibronectin [7, 8] , processes prohormones [9] [10] [11] [12] and activates pro-MMPs including MMP-3 [13] . Plasmin production also leads to MMP-9 activation through an intermediate enzyme that is activated by plasmin, potentially MMP-3 [13] .
As a key mechanism for regulating plasmin activity, plasminogen binds specifically to cell surfaces and this interaction results in a marked increase in plasminogen activation on cells (reviewed in [14] ). Plasmin remains on the cell surface, where it is protected from its major inhibitor, a 2 -antiplasmin [14] . This leads to a local nidus of cell-associated broad-spectrum proteolytic activity available to the cells for degradation of ECM components and activation of pro-MMPs and prohormones.
Plg-R KT is a unique transmembrane plasminogen receptor that binds plasminogen via a C-terminal lysine exposed on the cell surface [15] . Plg-R KT is highly colocalized with uPAR [15, 16] and promotes uPA-dependent plasminogen activation [17] . Plg-R KT also binds tPA and promotes tPAdependent plasminogen activation [15, 16] . Plg-R KT is highly conserved with high interspecies homology and identity, no gaps in the sequences, and the presence of a Cterminal lysine for all 36 mammalian orthologs for which sequence information is available [15] . Also, Plg-R KT is broadly expressed in human and murine tissues [18, 19] .
We have recently developed and characterized mice deficient in Plg-R KT [20] . Plg-R KT À/À mice are viable and fertile and survival of Plg-R KT À/À mice and Plg-R KT +/+ littermates is not significantly different [20] . However, no offspring of Plg-R KT À/À female mice survive to be weaned at 21 days [20] . Based on this observation and the established role of plasminogen in lactational competence [3, 4] , here we investigate potential lactational failure in Plg-R KT À/À mice and address mechanisms for this failure.
Materials and methods

Mice and tissue treatment
Plg-R KT gene-targeted mice [20] were backcrossed 10 generations into the C57Bl/6J or 129XS/SVJ background. Unless otherwise indicated, mice in the C57Bl/6J background were used in this study. Fibrinogen-deficient male mice [21] Primiparous female mice (2-4 months) were used. For tissue harvesting, mice (2 days postpartum) were anesthetized with isoflurane and perfused intracardially with 20 mL ice-cold phosphate buffered saline. For immunohistochemistry, abdominal mammary glands were either fixed in 4% paraformaldehyde for 18 h at 4°C or frozen in Optimal Cutting Temperature compound (OCT) embedding medium. For DNA extraction, thoracic glands were snap frozen on dry ice. For protein extraction, thoracic mammary glands were harvested and lysed in Tissue Extraction Reagent I (Invitrogen, Carlsbad, CA, USA) supplemented with protease inhibitor cocktail (Roche, Indianapolis, IN, USA).
Antibodies and ELISA kits
Primary antibodies used for western blot analysis were: anti-beta actin (LI-COR, Lincoln, NE, USA), anti-human fibrin(ogen) (Abcam, Cambridge, MA, USA), anti-casein (ABBIOTEC, San Diego, CA, USA), anti-Mcl-1 and anti-cleaved caspase 3 (Cell Signaling Technology, Danvers, MA, USA) and anti-entactin/nidogen (Millipore, Temecula, CA, USA).
Primary antibodies used for immunohistochemical staining of paraffin embedded tissue were: anti-collagen IV and anti-a-smooth muscle actin (Abcam), anti-laminin 1 (R&D Systems, Minneapolis, MN, USA), anti-mouse b 1 integrin (Chemicon, Temecula, CA USA), anti-mouse F4/80 (Biolegend, San Diego, CA, USA), anti-human fibrinogen (Dako, Carpinteria, CA, USA), and anti-mouse Plg-R KT , produced in our laboratory [15] . For immunohistochemistry of frozen sections, anti-Ser 28 -phosphorylated histone H3 was from Sigma-Aldrich (St Louis, MO, USA).
Mouse prolactin and uPA ELISA kits and an ELISA kit recognizing both fibrinogen and fibrin species were from Innovative Research, Inc. (Novi, MI, USA) The mouse D-dimer ELISA kit was from LifeSpan Bioscience (Seattle, WA, USA). The hydroxyproline assay kit was from Cell Biolabs (San Diego, CA, USA).
Quantification of alveolar size, epithelial content and morphometry
Three photomicrographs at 400X in different areas were taken for each sample. Alveolar diameters were determined using the Keyence analyzer tools (Itasca, IL, USA). Values for the three alveoli with the largest diameters in each sample were used for quantitative comparison between genotypes. Epithelial content in the same photomicrographs was quantified using the hybrid cell-count tool in the BZ-II Keyence Analyzer.
Keyence BZX700 software was used for quantitation of staining as previously described [22] . For each mouse, an average of five segments of mammary glands per genotype were analyzed.
Expression profiling using the mouse fibrosis RT 2 array RNA was obtained from fresh frozen thoracic mammary glands and reverse transcribed using the RT 2 First Strand Kit (SABiosciences, Qiagen, Carlsbad, CA, USA). The Mouse Fibrosis PCR Array (PAMM-120Z; SABiosciences, Qiagen) was used to determine the expression levels of 84 individual genes important for dysregulated tissue remodeling.
Statistics
Data are mean AE SEM. The statistical significance between groups was determined by ANOVA.
Study approval
All animal experiments were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute.
Results
Plg-R KT null mice cannot successfully lactate
Recently, we generated Plg-R KT À/À mice using a homologous recombination technique, backcrossed them 10 generations into the C57Bl/6J background, and evaluated spontaneous phenotypes. Plg-R KT À/À female mice became pregnant and delivered live pups, but no offspring of Plg-R KT À/À mothers survived to be weaned at 21 days [20] . (Fig. 1B) . To assess milk production, mammary glands were lysed and western blotted with anti-casein and anti-actin as a loading control. The casein content of the Plg-R KT À/À mammary glands was markedly less than that of Plg-R KT +/+ glands (Fig. 1C) . We examined whether differences in milk production could be attributed to differences in prolactin levels because plasmin has the ability to process prohormones [9] [10] [11] [12] . There were no significant differences in tissue prolactin levels in Plg-R KT +/+ and Plg-R KT À/À female mice (8.6 AE 0.6 ng mg À1 of tissue and 8.9 AE 0.7 ng mg À1 of tis-
The above data suggested that Plg-R KT has a role in lactation. Therefore, we examined the localization of Plg-R KT within mammary glands using immunohistochemistry. Plg-R KT was prominently expressed on the apical surface of all luminal epithelial cells of Plg-R KT +/+ mice (Fig. 1D ). In addition, weaker staining of the basal and lateral membranes of the luminal cells was observed. In controls, Plg-R KT immunoreactivity was not observed in Plg-R KT À/À mammary tissue (Fig. 1E) .
In order to understand the basis for decreased milk production by Plg-R KT À/À mammary glands, histological analysis of abdominal mammary glands harvested 2 days postpartum was performed. H&E staining showed that the alveoli of Plg-R KT À/À glands were strikingly smaller, atrophic and disordered, whereas the ducts were distended (Fig. 2B ). Both alveoli and ducts showed accumulation of amorphous eosinophilic material, suggesting high protein content that was not observed in Plg-R KT +/+ glands (Fig. 2 , compare A and B). Compared with Plg-R KT +/+ glands (Fig. 2C) , whole mount preparations also showed decreased alveolar size and number in Plg-R KT À/À glands ( Fig. 2D) . Furthermore, alveolar diameter was markedly decreased in Plg-R KT À/À glands compared with glands of Plg-R KT +/+ littermates (Fig. 2E) . Also, per cent epithelial content, reflecting the number of alveoli, was markedly decreased in Plg-R KT À/À glands (Fig. 2F ).
Plg-R KT deficiency does not affect branching morphogenesis during puberty
Development of the ductal tree in wild-type mice takes place from birth to sexual maturity. In order to examine the effect of Plg-R KT deletion on this process, abdominal mammary glands harvested from virgin mice at 5, 8, 12 and 16 weeks of age were examined. Whole mount preparations showed no significant differences in ductal length or the number of terminal end buds. In addition, examination of H&E-stained paraffin sections showed that ductal density and orientation of the surrounding connective tissue were similar in Plg-R KT À/À and Plg-R KT +/+ glands (data not shown). glands there was a marked enhancement of collagen, laminin and b 1 -integrin signals (1.7-fold, 7.0-fold and 1.9-fold, respectively, by morphometric analyses) within the stroma in an actively remodeled adipose tissue, apparently compensating for the loss of alveolar structures.
Plg-R KT deletion alters the ECM in lactating mammary glands
Survival and lactogenesis require the appropriate extracellular environment [23] [24] [25] . We evaluated ECM components of Plg-R KT +/+ and Plg-R KT À/À abdominal mammary glands collected at lactation day 2. Excessive collagen deposition (1.9-fold increase by morphometric analysis) was observed within the mammary adipose tissue surrounding the alveoli of the Plg-R KT À/À mammary glands and fibrosis was also present within the surrounding adipose tissue of the Plg-R KT À/À mammary glands, as assessed by trichrome staining (Fig. 4, compare A and B) . Correspondingly, when collagen content was assessed in a hydroxyproline assay, the hydroxyproline contents were 14.9 AE 2.9 ng mg À1 and 6.2 AE 0.5 ng mg À1 of mammary tissue for Plg-R KT À/À and Plg-R KT +/+ littermates, respectively (P = 0.011, n = 6-8). Consistent with the fibrotic ECM, cellular infiltrates were also observed in the trichrome-stained tissue from Plg-R KT À/À glands ( (4.4-fold increase by morphometric analysis), relative to the glands of Plg-R KT +/+ littermates (Fig. 4 , compare C and D). Because Plg-R KT binds plasminogen and promotes plasminogen activation [14] and fibrin deposition takes place in plasminogen-deficient (Plg À/À ) mammary glands [4] , we also stained the tissue for the presence of fibrin. Fibrin was detected in Plg-R KT +/+ glands, consistent with its function as a scaffolding protein. In contrast, Plg-R KT À/À glands showed excessive fibrin deposition (1.5-fold increase by morphometric analysis) within the distended alveoli and also in the fibrotic mammary adipose tissue surrounding the alveoli (Fig. 4 , compare E and F). Both fibrinogen [4] and plasminogen [26, 27] , as well as uPA and tPA [28] , are components of breast milk. In addition, the content of the ECM component, entactin/nidogen, was significantly increased in Plg-R KT À/ À glands (Fig. 5A,B) .
Western blot analysis demonstrated increased fibrin content in Plg-R KT À/À glands (Fig. 5C) . Also, the fibrin (ogen) content of mammary tissue determined by quantitative western blotting (Fig. 5D ) and ELISA (that recognizes both fibrinogen and fibrin species) was significantly greater in Plg-R KT À/À glands ( Fig. 5.E plasma, respectively [P = 0.4927, n = 6]).
We tested whether genotype-dependent differences in mammary tissue uPA concentrations might account for (Fig. 6A) . /Fgn +/+ mice were not significantly different. However, Plg-R KT deletion did have an effect on bodyweight in both the fibrinogen wildtype and heterozygous backgrounds ( Figure S1 ), consistent with our previous report showing a significant effect of Plg-R KT deletion on bodyweights of female mice [20] . H&E staining showed decreased alveolar diameter and number of alveoli in Plg-R KT À/À /Fgn +/À glands ( (Fig. 6F) . Interestingly, deletion of Plg-R KT on the heterozygous fibrinogen background significantly decreased epithelial content compared with Plg-R KT deletion on the fibrinogen wild-type background, whereas an effect of fibrinogen heterozygosity was not observed in Plg-R KT +/+ glands (Fig. 6F) . When Plg-R KT À/À /Fgn +/À glands were immunostained for fibrin(ogen), excessive fibrin deposition was observed in the stroma surrounding the mammary adipose tissue (Fig. 6H, curved arrow) and surrounding the alveoli (Fig. 6H , straight arrow) compared with glands of Plg-R KT +/+ /Fgn +/À littermates (Fig. 6G) . Although secretions were observed in alveoli and ducts of Plg-R KT À/À / Fgn +/À glands, fibrin deposition was not observed in these structures (Fig. 6H) , in contrast to the excessive fibrin deposition observed in Plg-R KT À/À /Fgn +/+ glands (Fig. 4F) .
We investigated the effect of fibrinogen deletion on epithelial content further by quantifying the per cent total mammary area occupied by epithelia in tissue harvested from fibrinogen null mice at day 8 of pregnancy (before their spontaneous death). At this developmental timepoint, there was no significant effect of Plg-R KT genotype on either gland weight or epithelial content ( Figure S2 ). However, deletion of Plg-R KT on the fibrinogen null background significantly decreased mammary epithelial content, consistent with a role for a fibrin scaffold at this stage of lactogenesis. Because deficient fibrin degradation could not fully account for the lactation defect in Plg-R KT À/À mice and because a fibrotic stroma was observed in Plg-R KT À/À glands ( Fig. 4A and B) , we used fibrosis gene transcription profiling to investigate differences in gene expression profiles of Plg-R KT À/À and Plg-R KT +/+ mammary glands harvested 2 days postpartum. Expression of 84 genes was analyzed and fold changes are shown in Table S1 . We identified 25 genes for which expression in Plg-R KT À/À glands was significantly (P < 0.05) different compared to that in Plg-R KT +/+ glands by a factor of >2-fold. Twenty-one genes were upregulated and four were downregulated (Table 1) . Upregulation of remodeling enzymes and inhibitors (Mmp2, Mmp9 and Timp2), inflammatory cytokines and chemokines (Il1a, Il4 and TNF) and integrins (a2, b1, b3, b6 and b8) within the mammary tissue was consistent with the marked infiltration of macrophages observed in Plg-R KT À/À glands (Fig. 4D) . In addition, TGFb3 and its targets, Smad 2 and CTGF (connective tissue growth factor or CCN2), were strikingly upregulated. CTGF promotes matrix protein deposition and fibrogenesis [30] , which is consistent with the phenotype of the Plg-R KT À/À glands. In addition, Mmp1a
was markedly downregulated, whereas Timp2 was markedly upregulated in Plg-R KT À/À glands, consistent with extensive collagen deposition in this genotype.
Plg-R KT deletion decreases epithelial cell proliferation and increases epithelial cell apoptosis
Of the genes downregulated in Plg-R KT À/À glands, EGF was the most extensively downregulated gene identified (12-fold-less expression) ( glands, respectively (P = 0.0003, n = 6), as determined by ELISA. Therefore, we examined the glands for proliferation by staining with antibodies against Ser 28 -phosphorylated histone H3 (a marker of cell proliferation). Proliferating epithelial cells were abundant in Plg-R KT +/+ glands, but proliferation was not detectable in Plg-R KT À/À glands (Fig. 7A) .
EGF orchestrates increased translation of the pro-survival Bcl-2 family protein, Mcl-1, and genetic deletion of Mcl-1 results in increased epithelial apoptosis, defective alveolar development in mouse mammary glands, and death of all offspring by 2 days postpartum [31] . In western blotting Mcl-1 expression was observed in Plg-R KT +/ + glands, but was not detectable in Plg-R KT À/À glands (Fig. 7B) , whereas the cleaved (activated) caspase-3 doublet was present in Plg-R KT À/À glands, but was not detectable in Plg-R KT +/+ glands (Fig. 7C ).
Discussion
Our results provide mechanistic insight into the complete failure of lactation in Plg-R KT À/À mice. We found that deletion of Plg-R KT À/À exerted a selective effect on lobuloalveolar development. The effect of Plg-R KT deletion on alveologenesis was severe, with markedly decreased alveolar diameter and alveolar number in Plg-R KT À/À glands.
Milk production was severely and significantly decreased in Plg-R KT À/À mammary glands.
Successful lactogenesis requires the appropriate extracellular environment [23] [24] [25] . An abnormal fibrotic ECM was observed in the stroma of Plg-R KT À/À glands. The content of entactin/nidogen-1 was significantly increased and increased collagen deposition was observed in the connective tissue and adipose tissue surrounding the alveoli. Notably, despite the extensive collagen deposition, expression of collagen type Ia2 and collagen type IIIa1 genes was not significantly upregulated, suggesting that the increased collagen deposition was consistent with impaired collagen remodeling. In additional evidence of abnormal proteolysis in Plg-R KT À/À glands, excessive fibrin deposition was present on the stroma and on adipocytes surrounding the alveoli. Marked fibrin deposition was also noteworthy within the distended alveoli and entactic ducts of Plg-R KT À/À mammary glands. Milk contains both plasminogen [26, 27] and fibrinogen [4] as well as uPA and tPA [28] and it has been suggested that plasmin(ogen) in milk serves to degrade fibrin to maintain alveolar and ductal patency [27] . Notably, fibrin deposition is also observed in Plg À/À glands at postpartum day 2 [4] . Our results suggest that Plg-R KT on the surface of epithelial cells may be essential for maintenance of alveolar and ductal patency by promoting plasminogen activation. Our current results provide the first example of a requirement for Plg-R KT for efficient fibrinolysis in vivo. In an extensive tissue survey of Plg-R KT À/À mice, we did not detect spontaneous fibrin deposition [20] . Thus, the challenge of pregnancy and lactation in Plg-R KT À/À mice unmasked this key in vivo role of Plg-
The presence of the fibrotic ECM is consistent with deficient proteolysis within the mammary gland and with the increased expression of CTGF. The fibrotic phenotype observed in Plg-R KT À/À glands did not appear to be a result of differences in myoblast infiltration and proliferation because expression of smooth muscle actin (a myoblast marker) was not different in Plg-R KT +/+ and Plg-R KT À/À mammary glands (Table S1 ). Consistent with the presence of excessive fibrin and collagen, numerous macrophage infiltrates were observed in Plg-R KT À/À glands that were not detected in Plg-R KT +/+ tissue. The increased cellular infiltrate is noteworthy in view of the requirement for Plg-R KT for macrophage recruitment in experimental peritonitis [17, 20] . Notably, similar cellular infiltrates are observed in spontaneously thrombotic organs of Plg À/À mice [5, 6] , although Plg À/À mice also exhibit defective macrophage recruitment in experimental peritonitis [32] . These differences may relate to differential expression of Plg-R KT on different monocyte subsets [33] and/or to differences in the expression and contribution of other plasminogen receptors on infiltrating macrophages. Regulated genes with cycle threshold (Ct) < 35, P value < 0.05 and > 2-fold change differences, n = 3 per group.
Despite similarities in fibrin deposition in Plg-R KT
and Plg À/À glands, the severity and histological basis of the lactation defect in Plg-R KT À/À mice was much more pronounced than that of Plg À/À mice [3, 4] . Notably, reduction of fibrinogen levels to 50% allows Plg À/À mice to lactate without problems [4] . In contrast, reduction of fibrinogen levels to 50% in Plg-R KT À/À mice did not rescue the defective lactation phenotype. Thus, although blockade of ducts with fibrin may play a role, it cannot account for the complete failure of lactation and impaired alveologenesis in Plg-R KT À/À mice. Thus, in addition to impaired fibrinolysis, plasminogen-independent functions of Plg-R KT may contribute to the defective lactation phenotype. Using fibrosis gene transcription profiling, EGF was the most extensively downregulated gene identified at lactation day 2 (12-fold-less expression in Plg-R KT À/À compared with Plg-R KT +/+ glands). Successful lactation requires the function of a family of growth factors, performing activities at the different stages of mammary development [2] . EGF is the most abundant of all differentially expressed cytokines and growth factors in luminal cells of lactating glands (> 100-fold increase between late pregnancy and lactation) [31] . Of the ligands for the EGF receptor (EGFR), EGF is exclusively induced at lactation [31] . Notably, mice homozygous for a mutant EGFR that does not bind EGF exhibit a reduction in size of mammary ducts and lobules and a partial lactation defect [34] . Markedly deficient epithelial proliferative capacity, resulting in blockade of lobuloalveolar development of Plg-R KT À/À glands, is consistent with downregulation of EGF.
EGF orchestrates increased translation of the pro-survival Bcl-2 family protein, Mcl-1, and genetic deletion of Mcl-1 in mice results in increased epithelial apoptosis, defective alveolar development and death of all offspring by 2 days postpartum [31] . Mcl-1 expression was observed in Plg-R KT +/+ glands but was not detectable in Plg-R KT À/À glands. Downregulation of Mcl-1 translation may, therefore, contribute to the increase in apoptosis observed in Plg-R KT À/À glands.
The effect of Plg-R KT deletion on EGF biosynthesis is likely to be independent of plasmin(ogen) as we found no significant effect of plasminogen deletion on EGF levels in lactating mammary glands (60.8 AE 12.0 and 47.0 AE 2.4 pg mg À1 for Plg À/À and Plg +/+ glands, respectively, P = 0.283, n = 6). Correspondingly, Plg À/À glands do not exhibit defective proliferative ability nor defects in lobuloalveolar development [3, 4] . Thus, the severe structural alterations observed in Plg-R KT À/À glands can most likely be ascribed to a failure of EGF/Mcl-1 signaling. Plg-R KT , either alone or in complex with other transmembrane proteins, may transmit signals from ligands yet to be identified that modulate EGF expression. In summary, our results suggest that Plg-R KT has multiple functions in lactogenesis. Plg-R KT promotes maintenance of the appropriate extracellular environment, supporting epithelial development. Plg-R KT regulates the balance of epithelial proliferation and apoptosis. Also, Plg-R KT is a key regulator of fibrin surveillance within the alveoli. Thus, Plg-R KT is required for survival of the species, based on the total failure of lactation in Plg-R KT À/À mice. These studies also have major implications for the function of other organs that undergo post-embryonic morphogenesis, including the kidneys [35] , prostate [36] , lacrimal gland [37] and salivary gland [38] , in that Plg-R KT may regulate morphogenesis, particularly epitheliogenesis, during responses of these organs to pathological insults. Fig. S1 . Effect of fibrinogen heterozygosity on body weight. Fig. S2 . Effect of fibrinogen homozygosity on alveolar development at day 8 of pregnancy. Table S1 . qPCR array analysis of lactating mammary glands.
